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a  b  s  t r  a  c  t

Nutrient  enrichment  and  changes  in  riparian  tree  species  composition  affect  many  streams  worldwide  but
their  combined  effects  on decomposers  and  litter  decomposition  have  been  rarely  assessed.  In this  study
we assessed  the  effects  of experimental  nitrogen  (N)  enrichment  of  a small  forest  stream  on  the  decompo-
sition  of  three  leaf  litter  species  differing  in initial  chemical  composition  [alder  (Alnus  glutinosa),  chestnut
(Castanea  sativa)  and  poplar  (Populus  nigra)],  incubated  individually  and  in  2-species  mixtures  during  late
spring-early  summer.  To  better understand  the  effects  of  litter  mixing  on litter  decomposition,  compo-
nent  litter  species  were  processed  individually  for remaining  mass  and  fungal  reproductive  activity.  Litter
decomposition  rates  were  high.  Nitrogen  enrichment  significantly  stimulated  litter  decomposition  only
for alder  incubated  individually.  Differences  among  litter  treatments  were  found  only  at  the  N  enriched
site where  the  nutrient  rich  alder  litter  decomposed  faster  than  all  other  litter  treatments;  only  at  this
site  was  there  a significant  relationship  between  litter  decomposition  and  initial  litter  N  concentration.
Decomposition  rates  of all litter  mixtures  were  lower  than  those  expected  from  the  decomposition  rates
of the  component  litter  species  incubated  individually,  at the  N enriched  and  reference  sites,  suggesting
antagonistic  effects  of  litter mixing.  Conidial  production  by aquatic  hyphomycetes  for  each  sampling
date  was  not  affected  by  nutrient  enrichment,  litter  species  or mixing.  Aquatic  hyphomycetes  species
richness  for  each  sampling  date  was  higher  at the  N enriched  site  than  at  the  reference  site and  higher
for  alder  litter  than  for chestnut  and  poplar,  but  no  effect  of  mixing  was  found.  Aquatic  hyphomycetes

communities  were  structured  by litter  identity  and  to a lesser  extent  by  N enrichment,  with  no  effect  of
mixing.  This  study  suggests  that  nutrient  enrichment  and litter  quality  may  not  have  such  strong  effects
on  decomposers  and  litter  decomposition  in  warmer  seasons  contrary  to what  has  been  reported  for
autumn-winter.  Changes  in the  composition  of  the  riparian  vegetation  may  have  unpredictable  effects
on  litter  decomposition  independently  of  streams  trophic state.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Small forest streams make up most of the water courses in
emperate catchments (Allan and Castillo, 2007). In these streams,
he aquatic food web is greatly fuelled by the autumnal leaf litter
nput derived from the riparian vegetation (Wallace et al., 1997).
nce in water, this organic matter is rapidly colonized by microbial
ecomposers, especially aquatic hyphomycetes, who mineralize
t and convert it into biomass (mycelium and conidia) leading to
ubstantial litter mass loss (Gulis and Suberkropp, 2003). By the
ctivities of their external enzymes and build up of mycelium,

∗ Corresponding author.
E-mail address: veronica@ci.uc.pt (V. Ferreira).

ttp://dx.doi.org/10.1016/j.limno.2016.03.002
075-9511/© 2016 Elsevier GmbH. All rights reserved.
aquatic hyphomycetes also increase litter palatability to inverte-
brate detritivores, establishing the link between organic matter and
secondary production (Canhoto and Graç a, 2008).

The community structure and performance of aquatic
hyphomycetes and litter decomposition are affected by envi-
ronmental changes (Ferreira et al., 2014; Canhoto et al., 2016;
Ferreira and Voronina, 2016). In particular, moderate increases
in dissolved nutrients concentration generally modify aquatic
hyphomycetes community structure (Gulis and Suberkropp, 2003;
Castela et al., 2008; Lima-Fernandes et al., 2015) and stimulate
fungal activities (with reproductive activity being most sensitive)
and litter decomposition (Suberkropp and Chauvet, 1995; Gulis

and Suberkropp, 2003; Gulis et al., 2006; Woodward et al., 2012;
Ferreira et al., 2015). Increased nutrients concentration presently
affects many streams (Woodward et al., 2012) and generally results
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Table 1
Water physical and chemical variables (mean ± SE) at sites R (reference) and N
(nutrient enriched) during the litter decomposition experiment (9 June − 14 July,
2008). Comparisons between sites were done by t-tests and p values are shown.

Water variables n Site R Site N p

Temperature (◦C) at ∼ 9 am 4 12.55 ± 0.27 12.65 ± 0.31 0.816
Conductivity (�S/cm) 4 63.75 ± 0.32 65.03 ± 0.78 0.183
Alkalinity (mg  CaCO3/L) 4 17.75 ± 0.59 17.10 ± 0.26 0.354
pH  4 6.86 ± 0.04 7.10 ± 0.03 0.003
O2 (mg/L) 4 10.12 ± 0.06 10.35 ± 0.03 0.027
NO3-N (�g/L) 6 186.77 ± 49.88 1681.25 ± 162.76 <0.001
SRP  (�g/L) 4 62.38 ± 1.64 60.72 ± 1.77 0.516
0 V. Ferreira, M.A.S. Graç a 

rom agriculture, urbanization and atmospheric nitrogen (N) depo-
ition (Rockström et al., 2009). Given the predicted increase in
uman population over this century, and consequent increases in
he needs for food, water, transport and housing, nutrient loads
o streams are expected to increase (MEA, 2005). Thus, many

ore streams will likely be affected by nutrient enrichment in
he future, with consequences for aquatic communities and litter
ecomposition.

The performance of aquatic hyphomycetes and litter decompo-
ition also depend on litter characteristics, with soft, high quality
low carbon: nutrients ratio, low lignin concentration) litter being
olonized and decomposed faster than hard, low quality litter
Gessner and Chauvet, 1994; Lecerf and Chauvet, 2008; Schindler
nd Gessner, 2009; Frainer et al., 2015). Aquatic hyphomycete com-
unity structure often also differs between litter species (Canhoto

nd Graç a, 1996; Gulis, 2001; Ferreira et al., 2006). Thus, an interac-
ion between litter species and dissolved nutrients concentration
n microbial activity and litter decomposition is expected. Indeed,
he effects of nutrient enrichment on litter decomposition are usu-
lly stronger for low quality litter where microbial activity is likely
utrient limited (Gulis and Suberkropp, 2003; Ferreira et al., 2006;
ulis et al., 2006). However, most studies have addressed the effects
f nutrient enrichment on the decomposition of litter species incu-
ated individually (but see Rosemond et al., 2010; Lima-Fernandes
t al., 2015), despite the fact that litter usually make multi-species
ixtures in streambeds (Swan and Palmer, 2004; Molinero and

ozo, 2006).
Forestry practices, pathogens, species invasions and climate

hanges may  promote modifications in the composition of riparian
orests with species replacement or loss, and the consequent alter-
tion of the identity and/or number of litter species in streambeds
Graç a et al., 2002; Kominoski et al., 2013). Many studies have
hown that the interactions between component litter species in
itter mixtures commonly lead to non-additive effects of mixing
n litter decomposition and that this often depends on the iden-
ity of the component litter species (reviewed by Lecerf et al.,
011). Non-additive effects of litter mixing on litter decomposi-
ion may  be due to selective feeding by detritivores on the more
alatable litter, nutrient transfer between litter species by fungal
ycelium that may  reduce nutrient limitation of microbial activi-

ies in the nutrient poor litter or leaching of secondary compounds
e.g. polyphenols) that can inhibit fungal exoenzymes in the neigh-
or litter (Gessner et al., 2010).

Since nutrient enrichment of streams and changes in riparian
egetation composition are likely to occur simultaneously in the
uture (MEA, 2005), it is important to assess the effects of nutrient
nrichment and leaf species mixing on litter decomposition and
ssociated fungi if we want to better predict the response of stream
cosystems to environmental change. The two studies that have so
ar assessed the interaction between stream nutrient enrichment
nd litter species mixing on litter decomposition and associated
iota have found non-additive effects of mixing under low nutrient
onditions but not under nutrient enrichment in autumn-winter
Rosemond et al., 2010; Lima-Fernandes et al., 2015).

In this study we assessed the effects of experimental N enrich-
ent of a small forest stream and litter species mixing on the

ecomposition of 2-species mixtures and of component litter
pecies incubated individually, and reproductive activity of fungi
ssociated with individual litter species. We  predicted that (a)
ungal activity and decomposition rates would be faster at the

 enriched site than at the reference site, due to a stimulation
f fungal activity by nutrient enrichment, (b) stimulation of fun-

al activity and litter decomposition by N enrichment would be
tronger for the N poor (chestnut and poplar) than for the N rich lit-
er species (alder), (c) at the reference site, the 2-species mixtures
hose component species differ the most in initial N concentra-
SRP, soluble reactive phosphorus.
NO2 and NH4 were below the detection limit (<100 �g/L and <50 �g/L, respectively).

tions would decompose faster than predicted by the decomposition
rate of the component species individually (non-additive effects),
(d) at the N enriched site, the decomposition rate of the 2-species
mixtures would not differ from that predicted by the decomposi-
tion rate of the component species individually, as mass loss of
N poor litter would not be N limited (additive effects), and (e)
aquatic hyphomycete community structure would be sensitive to
nutrient concentration, litter species and mixing. Since component
litter species in mixtures may  respond in opposite ways to mixing
and lead to apparent additive effects (‘counterbalance hypothe-
sis’; Schindler and Gessner, 2009), the response of component litter
species to N enrichment and mixing was assessed.

2. Methods

2.1. Study stream and experimental N enrichment

The experiment took place in a first-order stream located at
Margaraç a Forest, a protected area with low human activity in Aç or
Mountain (Central Portugal; 40◦13′N, 7◦56′W,  600 m a.s.l.). The
stream flows over schist bedrock, across a mixed deciduous forest
dominated by chestnuts (Castanea sativa Mill.) and oaks (Quercus
robur L.)(Paiva, 1981). The stream is N limited (7–197 �g NO3-N/L,
43–216 �g PO4-P/L; range over autumn 2003 and 2004) and has low
discharge (0.7–3.0 L/s; range over autumn 2003 and 2004), which
makes it suitable to study the effects of experimental N enrichment
on litter decomposition (Ferreira et al., 2006). More information on
the stream and surrounding forest can be found in Paiva (1981),
Abelho and Graç a (1998) and Ferreira et al. (2006).

Two sites with similar characteristics were selected within the
stream, with the upstream site acting as a reference (site R) and the
downstream site being experimentally N enriched (site N) (Table 1).
The study reach was ∼1.5 m wide, ∼10 cm deep and had a dis-
charge of 4.4 ± 1.5 L/s (mean ± SE); sites were apart by ∼3 m that
coincided with a pronounced discontinuity in slope (abrupt fall by
∼50 cm). Experimental N enrichment at site N began one month
before the start of the litter decomposition experiment and was car-
ried out continuously until the experiment ended by using CaNO3
concentrated solution (550 g/L), dripping from ten 5-L glass Mari-
otte bottles (Fig. A1 in Appendix A). Bottles were refilled weekly and
dripping rates set according with discharge, measured by chloride
release (see below). This resulted in a ∼9 fold increase in N con-
centration at site N over the reference concentration (Table 1). N
concentration at site N was within the values found for streams
affected by agricultural activities (Gulis et al., 2006).

2.2. Water variables
Conductivity, water temperature (WTW LF 330, WTW,  Weil-
heim, Germany), dissolved oxygen concentration (WTW OXI 92,
WTW,  Weilheim, Germany) and pH (pH 3110, WTW,  Weilheim,
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Table  2
Initial chemical characterization (mean ± SE, n = 3) of the leaf litter used in the lit-
ter  decomposition experiment. Comparisons among species were done by 1-way
ANOVAs and p values are shown; different letters indicate significant differences
(Tukey’s test, p < 0.050).

Litter variables Alder Chestnut Poplar p

Phosphorus (% DM)  0.10a ± 0.01 0.14a ± 0.02 0.10a ± 0.01 0.146
Nitrogen (% DM)  2.19a ± 0.15 1.05b ± 0.06 0.71b ± 0.04 <0.001
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Polyphenols (% DM)  6.62a ± 0.25 10.93b ± 1.03 14.53c ± 0.73 0.001
Lignin (% DM)  28.61a ± 0.59 33.05a ± 0.66 46.47b ± 1.83 <0.001

ermany) were recorded weekly at both stream sites with field
robes. Additionally, 300 mL  of stream water were filtered through
lass fibre filters (47 mm diameter, pore size 0.7 �m;  Millipore
PFF04700, Millipore Corp., Billerica, MA,  USA) at each site, stored
n ice, and returned to the laboratory for the determination of
O2, NO3, NH4 (ion chromatography, Dionex DX-120, Sunny-
ale, CA, USA), soluble reactive phosphorus (SRP; ascorbic acid
ethod) and alkalinity (titration with 0.2 N H2SO4 to a final pH of

.2)(APHA, 1995). Discharge was estimated after chloride release
NaCl concentrated solution, 250 g/L), by the following formula:

 = ([Cl] × release rate)/((Condf − Condb) × 0.32 + (−0.15)), where D
s the discharge in L/s, [Cl] is the Cl concentration in mg/L (=151709),
elease rate is the release rate of NaCl solution in L/s, Condf is the
onductivity after Cl concentration reached a plateau in stream
ater in �S/cm, Condb is the background conductivity in �S/cm,

.32 is the slope in the conductivity-chloride concentration linear
egression equation and −0.15 is the intercept in the same equation
Mulholand et al., 1994; Webster and Ehrman, 1996).

.3. Litter decomposition

Alder (A; Alnus glutinosa (L.) Gaertner) and poplar (P; Popu-
us nigra L.) leaves were collected after senescence from single
ree stands near Coimbra, Central Portugal, and chestnut (C; C.
ativa) leaves were collected after senescence at Margaraç a For-
st, in autumn 2007. All three species are commonly present in
he riparian forest of streams in Central Portugal. Leaf litter was
tored in paper boxes and kept at room temperature in the dark
ntil used. Before being used in the decomposition experiment,

itter was characterized regarding initial N (acid digestion using
uSO4 and H2SO4; Graç a et al., 2005), phosphorus (acid digestion
sing HCl; Graç a et al., 2005), polyphenols (Folin-Ciocalteu method;
raç a et al., 2005) and lignin concentration (Goering and Van Soest
ethod; Goering and Van Soest, 1970). These leaf species were

hosen based on their initial N concentration (Table 2), so that the
esulting 2-species mixtures included two species with contrasting
nitial N concentrations (AC and AP) and two species with similar

 concentrations (CP).
Air dried leaves were enclosed in 15 × 20 cm coarse mesh bags

10-mm mesh opening), individually and in 2-species mixtures
six litter treatments in total: A, C, P, AC, AP and CP). Single
pecies litter bags were prepared with 2.00 g (±0.01) of leaves,
hile 2-species litter bags included 1.00 g (±0.01) of each com-

onent leaf species. Fifteen litter bags from each litter treatment
ere anchored to the stream bed with nails, at both sites (180

ags total, 15 bags×6 treatments×2 sites), on 9 June 2008. The
ecomposition experiment took place in late spring-early sum-
er, as warmer water temperature emphasizes diversity effects

n litter mixtures (Swan and Palmer, 2004; Lecerf et al., 2011),
hich, accordingly to our predictions, are expected to occur at site

 but not at site N. Litter decomposition assumes the strongest

mportance in fueling aquatic food webs with carbon and nutrients
uring autumn-winter as litter availability is highest during and

ollowing the autumnal litter fall in streams flowing through tem-
erate deciduous forests (Molinero and Pozo, 2004). However, in
ologica 58 (2016) 69–77 71

streams receiving high inputs of medium-slow decomposing litter,
this can remain an available resource throughout the year (Abelho
and Graç a, 1998; Molinero and Pozo, 2004). Thus, assessing decom-
posers activity during spring-summer is highly relevant to better
understand ecosystem responses to environmental change.

Litter bags (3–6 replicates per treatment) were retrieved from
each site weekly over 35 days (five sampling dates) for treatments
without alder and over 28 days (four sampling dates) for treat-
ments with alder due to fast decomposition of alder litter. Litter
bags were enclosed in individual zip lock bags, stored on ice and
returned to the laboratory where they were promptly processed.
Component litter species from 2-species litter mixtures were pro-
cessed individually. Litter was gently rinsed with distilled water
on top of a 500 �m mesh sieve to retain small litter fragments
and five discs (12 mm  diameter) were cut out with a cork borer
from individual leaves when possible to induce conidial produc-
tion by aquatic hyphomycetes (see below). Remaining mass was
oven-dried at 105 ◦C for 24 h and weighed (±0.1 mg)  to determine
dry mass (DM). The fraction of DM remaining, taking into account
the discs removed (see below), was estimated as DM at the sam-
pling date/initial DM.  Initial DM was estimated from initial air-dry
mass by applying a conversion factor. The air-dry mass to DM con-
version factor was  obtained from an extra set of three replicates of
each litter treatment that was incubated in the stream for 10 min
on day 0. These bags were returned to the laboratory and DM was
determined as described above.

2.4. Conidial production by aquatic hyphomycetes

Conidial production (reproductive activity) by aquatic
hyphomycetes was  determined as this is a reliable indicator
of fungal activity and one of the most sensitive variables to stream
nutrient enrichment (Suberkropp, 1991; Gessner and Chauvet,
1994; Gulis and Suberkropp, 2003; Gulis et al., 2006). When
remaining mass was enough, five litter discs were cut out to
induce conidial production by aquatic hyphomycetes (Graç a et al.,
2005). Component species from litter mixtures were processed
individually. Sporulation by aquatic hyphomycetes was induced
by placing the litter discs in 100 mL  Erlenmeyer flasks with 25 mL
of filtered (glass fibre filters, 47 mm diameter, pore size 0.7 �m;
Millipore APFF04700, Millipore Corp. Billerica, MA,  USA) stream
water from the corresponding site. The flasks were incubated for
48 h on a shaker (100 rpm) placed in a room at 15 ◦C and with
12 h light: 12 h dark photoperiod. The conidial suspensions were
then poured into 50 mL  Falcon tubes, the flasks rinsed twice with
distilled water, the suspensions fixed with 2 mL  37% formalin, the
sample volume adjusted with distilled water to 35 mL,  and the
tubes stored in the dark. The litter discs were oven-dried at 105 ◦C
for 24 h and weighed (±0.1 mg)  to determine discs DM.

When preparing the slides for counting and identifying the coni-
dia, 150 �L of Triton X–100 were added to the suspensions and
mixed with a magnetic stirring bar. An aliquot of the suspensions
was then filtered (SMWP  membrane filters, 5 �m pore size; Milli-
pore Corp., Billerica, MA,  USA) with gentle vacuum and the filters
were stained with 0.05% cotton blue in 60% lactic acid. Slides were
scanned under a microscope at 200×(Graç a et al., 2005). Sporula-
tion rates were expressed as number of conidia released per mg  DM
per day and aquatic hyphomycete species richness was  expressed
as number of species per sample.

2.5. Data analysis
Water variables were compared between sites by t-test. Initial
litter chemical variables were compared among litter species by 1-
way analysis of variance (ANOVA), followed by Tukey’s test when
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ignificant effects were detected in ANOVA. Correlations among ini-
ial litter chemical variables were assessed by Pearson correlation.

Decomposition rates (k,/d) of the six litter treatments (A, C, P, AC,
P and CP) and of alder [A(AC), A(AP)], chestnut [C(AC), C(CP)] and
oplar [P(AP), P(CP)] leaves incubated in 2-species mixtures were
stimated by linear regression of ln-transformed proportion of
M remaining (negative exponential model) considering the inter-
ept at ln(1) = 0. Litter decomposition was compared between sites
nd the six litter treatments and between sites and litter species
ncubated individually and in 2-species mixtures for each litter
pecies by analysis of covariance (ANCOVA; time as covariable) fol-
owed by Tukey’s test when significant effects were detected in
NCOVA. Overall litter decomposition rates of single-species and
ixture treatments were estimated as the average of the decom-

osition rates of the three single-species treatments (A, C and
) and of the three mixture treatments (AC, AP and CP), respec-
ively. Litter decomposition rates were compared between sites and
ingle-species and mixture treatments by 2-way ANOVA. The rela-
ionships between decomposition rates of the six litter treatments
t each site and initial litter chemical variables were assessed by
inear regression. Expected decomposition rates for mixture treat-

ents were estimated as the average of decomposition rates of
he component litter species. Expected and observed decomposi-
ion rates for litter mixtures were compared for each site by paired
-test. The ratios between expected and observed decomposition
ates for mixtures were compared between sites R and N by paired
-test.

The nutrient enrichment effect was determined as the response
atio (R), given by the ratio between litter decomposition rate at
ite N and litter decomposition rate at site R (R = kSiteN/kSiteR); R = 1
ndicates no effect of nutrient enrichment, R<1 indicates an inhi-
ition and R>1 indicates a stimulation of litter decomposition at
ite N compared with site R. Significant effects occur when the 95%
onfidence limit (CL) does not include 1 (p < 0.050).

Sporulation rates and aquatic hyphomycete species richness
ere compared among sites and the three litter species incubated

ndividually and among sites and litter species incubated individ-
ally and in 2-species mixtures for each litter species over time by
-way ANOVAs, followed by Tukey’s test when significant effects
ere detected in ANOVA.

Ordination of aquatic hyphomycete communities was done by
on-metric multidimensional scaling (NMDS) based on Bray-Curtis
imilarity matrix of log(x+1) transformed data (conidial produc-
ion). Communities were compared among sites and litter species
ncubated individually and in mixtures by analysis of similarity
ANOSIM)(Primer 6 v6.1.11 & PERMANOVA+ v1.0.1; Primer-E Ltd,
lymouth, UK; Clarke and Gorley, 2001).

Data normality and homoscedasticity were checked by the
hapiro-Wilk’s and Bartlett chi-squared test, respectively. When
ne of these assumptions was not met, data were transformed
efore analyses (please see tables with statistical results in
ppendix A). Data analyses were done using STATISTICA v7 soft-
are (Statsoft, Tulsa, OK, USA) unless indicated otherwise.

. Results

.1. Litter decomposition

Litter mass loss was generally fast across treatments for both
ites (Fig. 1). Despite the tendency for faster decomposition rates
38–44%) in single-species than in mixture treatments (Fig. 1A), dif-

erences were not significant (2-way ANOVA, p = 0.139; Table A1).
utrient enrichment stimulated litter decomposition by 23 (mix-

ure) − 28% (single-species) (Fig. 2A), but differences between sites
ere not significant (2-way ANOVA, p = 0.306; Table A1).

Fig. 2. Nutrient enrichment effect (R±95% CL) on decomposition rates of (A) single-
species and mixtures, (B) litter treatments (A, alder; C, chestnut; P, poplar; AC; AP;
CP),  and (C) litter species from single-species and mixture treatments incubated at
sites  R and N. Significant effects (p < 0.050) are shown in black.
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Table  3
Observed and expected decomposition rates (k ± SE) of litter mixtures incubated at
sites R and N. The ratio between expected and observed (Exp/Obs) decomposition
rates is also shown.

Site Mixture Observed k (/d) Expected k (/d) Exp/Obs

Site R AC 0.0543 ± 0.0047 0.0775 ± 0.0202 1.43
AP  0.0675 ± 0.0075 0.0851 ± 0.0140 1.26
CP  0.0467 ± 0.0035 0.0658 ± 0.0062 1.41

Site  N AC 0.0732 ± 0.0089 0.1039 ± 0.0413 1.42
AP  0.0791 ± 0.0071 0.1057 ± 0.0401 1.34
CP  0.0543 ± 0.0066 0.0717 ± 0.0012 1.32

A, alder; C, chestnut; P, poplar.

Table 4
Linear regressions between litter decomposition rates (k,/d) of the six litter treat-
ments incubated at sites R and N and initial litter chemical characteristics (n = 6).
Sign,  coefficients of determination (R2) and p values are shown.

Litter variables Site Sign R2 p

Nitrogen (% DM)  Site R + 0.41 0.172
Site N + 0.70 0.037

Phosphorus (% DM)  Site R − 0.42 0.165
Site N − 0.27 0.294

Polyphenols (% DM)  Site R − 0.27 0.289
Site N − 0.57 0.084
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Lignin (% DM)  Site R − 0.09 0.563
Site N − 0.32 0.242

Litter decomposition rates did not significantly differ among
he six litter treatments at site R, but alder incubated individually
ecomposed significantly faster than any other litter treatment at
ite N (ANCOVA, p = 0.032; Fig. 1B, Table A1). Decomposition rates
f litter mixtures were significantly slower than expected from the
verage of the decomposition rates from species incubated indi-
idually by 26–43% at site R (paired t-test, p = 0.007) and 32–42%
t site N (p = 0.024), suggesting antagonistic effects of litter mixing
Fig. 1B; Table 3). Nutrient enrichment stimulated litter decom-
osition rates between 1 and 53% (average across treatments:
3%), but significant effects were found only for alder incubated

ndividually (Fig. 2B, Table A1). The ratio between expected and
bserved decomposition rates for mixtures did not significantly
hange between sites R and N (paired t-test, p = 0.916; Table 3).

When comparisons were made within each species, alder
ecomposed slower when incubated together with poplar [A(AP)]
han when incubated individually, although significant differences
ere found only at site N (Fig. 1C, Table A1). Chestnut litter tended

o decompose slower when incubated with alder or poplar than
hen incubated individually (Fig. 1C, Table A1). Poplar decomposed

lower when incubated together with alder [P(AP)] than when incu-
ated individually at site R, while no significant effect of mixing was
ound at site N (Fig. 1C, Table A1). The effect of nutrient enrichment
n the decomposition of individual litter species varied from inhi-
ition by 13% (poplar in CP mixture) to stimulation by >30% (alder

ncubated individually and in AP mixture, chestnut in AC and CP
ixtures and poplar in AP mixture)(Fig. 2C), although significant

ffects were found only in the case of the stimulated decomposi-
ion of alder incubated individually (stimulation by 53%) and poplar
n AP mixture (stimulation by 60%)(Fig. 2C, Table A1).

Litter decomposition rates of the six litter treatments were
ignificantly related with initial N concentration at site N (linear
egression, p = 0.037) but not at site R (Table 4). No significant
elationship was found between litter decomposition rates and

hosphorus, phenols or lignin initial concentrations (Table 4). It

s relevant to note that initial concentrations of N and phenols
nd of N and lignin were negatively correlated (Pearson correla-
ion, r = −0.97, p < 0.001 and r = −0.83, p = 0.001, respectively) while
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those of phenols and lignin were positively correlated (r = 0.94,
p < 0.001; Table A2).

3.2. Conidial production by aquatic hyphomycetes

Sporulation rates by aquatic hyphomycetes were already high
by the first sampling date (day 7) and generally decreased there-
after (Fig. 3, Table A3). Sporulation rates did not significantly
differ among the three litter species incubated individually (3-way
ANOVA, p = 0.481) and between sites within each sampling date (3-
way ANOVA, p = 0.586) (Table A3). When comparisons were made
within each litter species, also no significant differences were found
between litter treatments and sites for alder, chestnut and poplar
(3-way ANOVA, p > 0.213; Fig. 3, Table A3).

Aquatic hyphomycete species richness generally increased until
day 21, decreasing afterwards for chestnut and poplar (Fig. 3, Table
A3). Species richness significantly differed among litter species
incubated individually (alder >chestnut ∼poplar; 3-way ANOVA,
p = 0.003) and between sites (site N >site R; p = 0.038)(Table A3).
When comparisons were made within each species, significant dif-
ferences were found between sites N and R for alder, chestnut and
poplar (3-way ANOVA, p < 0.022; Table A3) with higher richness at
site N (Fig. 3).

The total number of aquatic hyphomycete species recorded
per treatment varied between 11 and 16, but in most cases
two species were enough to guarantee >80% of total conidial
production. Conidial production in alder litter, incubated either
individually or in mixtures, had a larger contribution of Flagel-
lospora curvula (47.0–73.5% of total conidial abundance), followed
by Tetrachaetum elegans (14.0–34.4%), and to a lesser extent by Sten-
ocladiella neglecta (3.4–6.4%), Tricladium chaetocladium (3.1–5.4%)
and Clavariopsis aquatica (0.9–5.3%)(Table A4). In chestnut, conidial
production had a larger contribution of T. elegans (48.5–65.2%), fol-
lowed by T. chaetocladium (14.0–20.2%) and F. curvula (10.2–19.9%),
and to a lesser extent by C. aquatica (3.3–7.6%)(Table A4). In
poplar, the species that most contributed to conidial production
was F. curvula (45.3–70.0%), followed by T. elegans (15.0–30.1%)
and C. aquatica (6.0–16.8%), and to a lesser extent T. chaetocladium
(2.1–8.6%)(Table 8). Aquatic hyphomycete community structure
significantly differed among litter species (ANOSIM, global R = 0.90,
p = 0.010; Fig. 4). Within each litter treatment, species contribution
to total conidial production tended to differ between sites R and
N (Fig. 4); for instance, for alder F. curvula contribution increased
while that of T. elegans decreased at site N (Table A4). However,
overall differences in community structure between sites were not
significant (ANOSIM, global R = 0.26, p = 0.065). Community struc-
ture within each litter species was also not significantly affected by
mixing (ANOSIM, global R = −0.11, p = 0.732).

4. Discussion

In this study we  assessed the effects of whole-stream N
enrichment and litter species mixing on litter decomposition and
associated fungi to better understand the response of stream
ecosystems to simultaneous changes in nutrient availability and
identity and number of species in the leaf litter.

Increases in nutrient availability in oligotrophic streams gener-
ally stimulate litter decomposition (Ferreira et al., 2015), but in our
study this effect was significant only for alder incubated individ-
ually. This result was  surprising for two reasons. First, the study
stream was N limited and thus it was expected that an increase

in N concentration would stimulate litter decomposition across
treatments, as observed before (Ferreira et al., 2006). Also, a strong
effect of nutrient enrichment on litter decomposition was expected
due to the warmer water temperature during the study period,
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Fig. 3. Conidial production rate and species richness (mean ± SE) of aquatic hyphomycetes associated with alder (A; A and D), chestnut (C; B and E) and poplar (P; C and F)
litter  from single-species and mixture treatments (AC, AP, CP) incubated at sites R and N over time.

Fig. 4. Ordination (NMDS) of aquatic hyphomycete communities based on conidial production associated with alder, chestnut and poplar litter from single-species and
mixture  treatments incubated at sites R and N over time.
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hich could reinforce the nutrient effect (Ferreira and Chauvet,
011). However, a recent study showed that lower N concentrations
re needed for fungal decomposers to attain maximum activity at
armer temperature than at lower temperature (Fernandes et al.,

014) suggesting that decomposer activity may  have been already
t maximum at the reference site and thus not sensitive to nutrient
nrichment. Second, increases in dissolved nutrients concentration
enerally have a stronger stimulatory effect on the decomposition
f low quality litter species where microbial activity is nutrient lim-

ted than on high quality litter species (Gulis and Suberkropp, 2003;
erreira et al., 2006; Gulis et al., 2006) and thus a stronger stimula-
ion of litter decomposition was expected for chestnut and poplar
han for alder litter. Our results, however, agree with those of Ardón
t al. (2006), who found the strongest response of litter decompo-
ition to increases in phosphorus concentration for the high quality
itter species (Tremma integerrima, with the lowest concentration
f structural compounds). In both our and Ardón et al. (2006) study,
he quality of the litter carbon may  have been more important
han litter nutrient concentration in determining the response of

icrobial activity and litter decomposition to nutrient enrichment.
 enrichment of forest floor has been found to stimulate cellulase

cellulose degrading enzyme) activity and to inhibit phenol oxidase
lignin degrading enzyme) activity (Carreiro et al., 2000). Lignin
oncentration was lower in alder (our study) and in T. integerrima
Ardón et al., 2006) than in the other litter species, and thus an
nhibition of phenol oxidase activity by nutrient enrichment would
ave minor effects on litter decomposition for these species than

or lignin richer species.
Litter decomposition is generally faster for high quality (low

ignin and high nutrient concentration) than for low quality lit-
er, as microbial colonization and activity are generally higher in
he former (Gessner and Chauvet, 1994; Schindler and Gessner,
009; Lima-Fernandes et al., 2015; Frainer et al., 2015). In our
tudy, differences among litter treatments were found only at site

 with faster decomposition for the nutrient rich alder litter than
or the other five litter treatments. Also, only at site N was there

 significant relationship between litter decomposition and initial
itter N concentration. The absence of an effect of litter treatment
or initial litter chemical composition) on litter decomposition at
ite R is striking, especially considering the range in initial lit-
er N (0.71–2.19%) and lignin concentration (28.61–46.47%) used.
owever, our results agree with a recent study showing that the
ependence of litter decomposition on litter initial nitrogen con-
entration increased with eutrophication (Lima-Fernandes et al.,
015). As the availability of dissolved nutrients increases, micro-
ial decomposers may  become more efficient in using litter carbon.
lso, enhanced litter quality at site N might have stimulated
onsumption by invertebrate detritivores, which might have exac-
rbated differences between leaf species.

Decomposition rates of all litter mixtures were lower than those
xpected from the decomposition rates of the component litter
pecies incubated individually (k observed < k expected), at both
ites, suggesting antagonistic effects of litter mixing. This partially
grees with our predictions as non-additive effects of litter mixing
ere expected (Lecerf et al., 2011). However, these effects were

nticipated to occur only at site R, not at site N (Rosemond et al.,
010; Lima-Fernandes et al., 2015). Since microbes can take up
utrients from both the litter and the water (Suberkropp, 1991;
ulis and Suberkropp, 2003), an increase in dissolved nutrients
oncentration could make microbes less dependent on litter nutri-
nts and thus the effects of litter mixing on microbial activities
nd litter decomposition were expected to become weaker at site
 (Rosemond et al., 2010; Lima-Fernandes et al., 2015). However,
his study was carried out in late spring-early summer, and nutri-
nt enrichment likely interacted with temperature leading to no
ologica 58 (2016) 69–77 75

change in the ratio between expected and observed decomposition
rates between site R and site N (Swan and Palmer, 2004).

Also, non-additive effects of litter mixing were expected primar-
ily for litter mixtures composed of litter species with contrasting
characteristics (AC and AP) as substrate heterogeneity and com-
plementarity would be greater in these mixtures, which could
promote biotic colonization and activity (Hansen and Coleman,
1998; Kominoski et al., 2009). However, the few studies addressing
the existence of litter trait complementarity on the decomposition
of litter mixtures have found weak evidence, at the most, for such
effect on litter decomposition and fungal decomposers (Schindler
and Gessner, 2009; Frainer et al., 2015). Our results are in line with
these studies as non-additive effects of litter mixing were found for
all three litter mixture and were not related with species composi-
tion.

To allow better understanding of the mechanisms that led to
the observed non-additive effects of litter mixing on litter decom-
position, component litter species were processed individually and
decomposition and associated fungal reproductive activity were
assessed. Litter in mixtures decomposed at similar or slower rates
when compared with litter incubated individually. Slower decom-
position of litter when in mixture with litter of lower quality [e.g.
A(AC), A(AP) and C(CP)] than when incubated individually might be
due to leaching of secondary compounds (e.g. polyphenols) from
the lower quality litter that can inhibit microbial activity on the
higher quality litter (Canhoto and Graç a, 1999). Slower decompo-
sition of litter when in mixture with litter of higher quality [e.g.
C(AC) and P(AP)] could be due to selective feeding of detritivores
on the higher quality litter.

Conidial production by aquatic hyphomycetes for each sam-
pling date was not affected by nutrient enrichment, litter species
or mixing. This was surprising since fungal reproductive activity
is usually stimulated by increases in dissolved nutrient concentra-
tions (Suberkropp and Chauvet, 1995; Gulis and Suberkropp, 2003;
Ferreira et al., 2006; Gulis et al., 2006). Sporulation rates generally
increase in the first days to weeks after litter submersion, attain
a peak and then decrease at later stages of litter decomposition
(Gessner and Chauvet, 1994; Suberkropp and Chauvet, 1995). In our
study, however, we missed the increasing phase of the sporulation
dynamics and by day 7 (first sampling date) sporulation rates were
already at their peak or decreasing, which may  have prevented us
from detecting an effect of nutrient enrichment as sporulation rates
may  become more homogeneous across treatments at later stages
of litter decomposition (Gulis et al., 2006). No effect of litter species
was also unexpected as previous studies have shown higher sporu-
lation rates on high quality than on low quality litter species (Gulis
et al., 2006; Ferreira et al., 2012), but again, missing the raising
phase to the sporulation dynamics may  have prevented differences
among treatments from being found.

We cannot, however, exclude the possibility that the nutri-
ent enrichment (1.7 mg  NO3-N/L at site N) might have limited
fungal reproductive activity. In fact, in a laboratorial experiment,
Fernandes et al. (2014) found a unimodal relationship (explained
by a Lorentzian model) between conidial production by aquatic
hyphomycetes on alder leaf discs and nitrogen concentration
(0.3–5.0 mg  NO3-N/L), with maximum sporulation rates at 2.97 mg
NO3-N/L at 12 ◦C and 1.07 mg  NO3-N/L at 18 ◦C. Although water
temperature at ∼ 9 am in our stream was close to 12 ◦C, maxi-
mum  water temperature reached 15.8 ◦C (personal observation),
at which the nutrient enrichment might have been inhibitory of
reproductive activity. For low quality oak leaf discs, the relation-
ship between sporulation rates and nitrogen concentration was,

however, linear at 12 ◦C and asymptotic at 18 ◦C (Fernandes et al.,
2014), and we could expect a higher sporulation rate at site N com-
pared with site R for the more recalcitrant chestnut and poplar in
our stream. Also, the higher aquatic hyphomycete species richness
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er sampling date at site N than at site R might have led to intraspe-
ific interactions possibly limiting conidial production. Reduction
n conidial production in aquatic hyphomycete species mixtures

hen compared with fungal species in isolation were found before
Treton et al., 2004).

Aquatic hyphomycetes species richness for each sampling date
as higher at the N enriched site than at the reference site and

igher for the high quality alder litter than for chestnut and poplar,
ut no effect of mixing was found. Conditions with higher nutri-
nt availability (e.g. stream nutrient enrichment or nutrient rich
itter species) may  support higher number of species at a given
ime due to a release of interspecific competition for resources, and
his has been found before (Gulis and Suberkropp, 2003). Aquatic
yphomycetes communities were structured by litter identity and
o a lesser extent by site. This result agrees with previous stud-
es where distinct aquatic hyphomycetes communities have been
ound for different litter species (Canhoto and Graç a, 1996; Gulis,
001; Ferreira et al., 2006) and stream sites of contrasting nutrient
oncentration (Gulis and Suberkropp, 2003; Castela et al., 2008;
ima-Fernandes et al., 2015). This probably results from aquatic
yphomycetes species differing in enzymatic performance (Zemek
t al., 1985; Chandrashekar and Kaveriappa, 1988) and nutrient
oncentration (Grimmett et al., 2013; Danger et al., 2016) and thus
aving distinct capabilities to decompose substrates and distinct
utrient requirements (Bisht, 2013). No effect of litter mixing was

ound on the community structure of aquatic hyphomycetes asso-
iated with each litter species suggesting that the identity of the
eighboring litter species is of little importance.

In summary, our study produced several unexpected results,
ostly related with the absence of a strong effect of nutrient enrich-
ent and litter identity on fungal reproductive activity and litter

ecomposition. However, fungal reproductive activity and litter
ecomposition showed similar patterns and thus we are confident
n our results. It is worthy to highlight that this study was  per-
ormed in late spring-early summer, a time of the year less explored
n terms of how detrital food webs work and how they respond
o environmental change in temperate streams when compared
ith autumn-winter (but see Gessner et al., 1993; Nikolcheva and

ärlocher, 2005; Ferreira and Canhoto, 2015). In our study, litter
ecomposition rates were among the highest values reported for
he same litter species (Abelho, 2001; Woodward et al., 2012), likely
s a result of the warmer temperature that stimulated decom-
oser activity (Ferreira et al., 2014); sporulation rates were also
mong the highest values reported (Ferreira et al., 2012). Also, in
ate spring-early summer, litter benthic standing stock is reduced
n streams flowing through native deciduous forests (Molinero
nd Pozo, 2004) and invertebrate detritivores, which are mostly
nsect larvae already in their late instars and thus near their max-
mum biomass, might have concentrated in the litter bags further
timulating litter decomposition (Frainer et al., 2014). Thus, the
lready high activity of microbial decomposer and detritivores in
ate spring-early summer might have masked potential effects of
utrient enrichment and litter identity on litter decomposition.
e  found, however, non-additive effects of litter mixing on litter

ecomposition that did not depend on dissolved nutrient concen-
ration, suggesting that changes in riparian vegetation composition

ay  have unpredictable effects on litter decomposition indepen-
ently of the trophic state of streams.
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